Cement is a practical material for constructing the geological disposal system of radioactive wastes. The dynamic behavior of both permeability change and dissolution process caused by a high pH groundwater was explained using a double porosity model assuming that each packed particle consists of the sphere-shaped aggregation of smaller particles. This model assumes two kinds of porosities between the particle clusters and between the particles, where the former porosity change mainly controls the permeability change of the bed, and the latter porosity change controls the diffusion of OH -ions inducing the dissolution of silica. The fundamental equations consist of a diffusion equation of spherical coordinates of OH -ions including the first-order reaction term and some equations describing the size changes of both the particles and the particle clusters with time. The change of over-all permeability of the packed bed is evaluated by Kozeny-Carman equation and the calculated radii of particle clusters. The calculated result well describes the experimental result of both permeability change and dissolution processes.
Introduction
Cement is a key material for constructing the repository system of high level and TRU radioactive wastes. Since the groundwater contacting with cement alters up to 13 in pH, so far Federation of Electric Power Companies of Japan (FEPC) and Japan Nuclear Cycle development institute (JNC) (2005) and JNC (1999) have examined the influences of cement material on the initial condition of the repository system. The results suggested that such hyperalkaline groundwater dissolves silicate and silica minerals around the repository, because the solubility of silicic acid rapidity increases as pH exceeds 9.5: for example, (Iler, 1979 , Atkinson, 1985 , Stumm and Morgan, 1996 . That is, the use of cement for the construction of the repository might induce the increment of permeability around the repository and finally affect the confinement of the radioactive wastes. Sugiyama et al. (2003) , Usui et al., (2004) , (2005), Mäder et al. (2006) , Narita et al. (2010) , Funabashi et al. (2012) , Niibori et al. (2012) , (2013) and (2014a,b) also have examined the more detail impacts of chemical/physical alteration caused by hyperalkaline groundwater on the migration rates of radionuclides through some barriers of the geological disposal system. Of them, Mäder et al. (2006) carried out the field test by continuously injecting hyperalkaline fluid from a borehole at Grimsel Test Site, Switzerland. In the results, the increment of permeability and the dissolution of silicate or silica minerals were confirmed. However, the relation of permeability change with the dissolution might be not simple in the detail. Besides, Usui et al. (2004) have examined the permeability change of some packed beds, using a high pH solution (NaOH, 0.1 mM). They reported that the permeability did not immediately change although the soluble silicic acid was eluted out of the column (a bed packed with silica particles).
It is necessary to quantitatively explain such dynamics of permeation of NaOH solution into the packed bed of silica particle clusters with the dissolution of silica from the particles. Fig. 1 shows the permeability defined by Darcy's law, i.e., uD=-(kH/μ) ∂p/∂x, where uD is Darcy fluid flow velocity, kH is permeability, μ is viscosity and ∂p/∂x is pressure gradient. Fraction dissolved, f, means the fraction of silicic acid in the bed packed with silica particles. That is, f =1 means that the packed particles in a column completely vanish through the dissolution process. Usui et al. (2004) used amorphous silica particles with a size fraction of 74 μm to 149 μm as a solid phase. Therefore, the secondary pores of particle might affect such a behavior of the permeability of the packed bed. In fact, the BET specific surface area (N2 gas) of the particles was 350 m 2 /g. Furthermore, as shown in Fig. 1 , a simple particle shrinking model was not able to explain both the permeability change and the fraction dissolved, where the permeability was estimated by using Kozeny-Carman equation. Besides, it was confirmed from the change of the packed bed with time, the apparent length of packed bed shortened after the remarkable increment of permeability.
The purpose of the present study is to explain these behaviors using the new double porosity model that assumes two kinds of porosities between the particle clusters and between the particles, where the former porosity change mainly controls the permeability change of the bed, and the latter porosity change controls the diffusion of OH -ions inducing the dissolution of silica. Fig. 1 Experimental result of permeability change due to the continusous injection of NaOH 0.1 M soltion to the bed packed with amorphous silica partilces (Usui et al., 2004) . (In this figure, "a", "b", "c" and "d" are the photographs indicating the states of the packed bed in the experiment. Note that the height of the packed bed was held at least until the state of "a" of the packed bed attained to the state of "c".)
Mathematical model
The SiO2 dissolution reaction is given by
This reaction is the following type;
In the range of pH13, H3SiO4 -is a dominant chemical species. SiO2 dissolution reaction rate is equal to the consumption rate of OH -ions, rB, described by the following first-order reaction equation, -rB=kCB,
where k is rate constant, C is the concentration, and the subscript B means OH -ions. Figure 2 shows an illustration of the mathematical model. The column is the packed bed of the particle clusters. The initial radius of particles is r0. The initial diameter of the particle cluster is R0 (m). With dissolution reaction, the outer small particles of the particle cluster shrink with a decrease in radius, and the porosity of the outer particle layer, ε, increases. Then, the diffusion rate of OH -ions also increases. That is, the diffusion rate in the outer layer exceeds that in the inner region. Therefore, the dissolution rate in the outer layer becomes larger than the rate in the inner region. Furthermore, the diameter of particle cluster, R (m), decreases (shrinks), when the radius of the particles, r, reaches zero. The dissolution amount at an arbitrary time in the packed bed is equal to the total dissolution amount of particles. Besides, the permeability is described using the porosity of the packed bed of the particle clusters, εL, by the Kozeny-Carman equation. Fig. 2 Illustration of the proposed model. Additionally, it is assumed that (a) In the flow system, a 0.1 M NaOH solution is continuously injected into column, and its concentration is maintained up to the outlet of column. (Its validity was confirmed by the experimental data reported by Usui et al. 2004 ). (b) The particles (initial diameter r0) are sufficiently small compared to the particle clusters (initial diameter R0), (c) The packed bed is under an isothermal condition, (d) The number densities of the particles and the particle clusters, n0 and nL0, are not changed, (e) Each position of the particles and the particle clusters is immobile, until the radius reaches zero, (f) The effective diffusion coefficient, DBe, in the particle cluster is described by DBe=ε 2 DB (Wakao and Smith, 1969) , where ε is the porosity of the cluster, and DB is the diffusion coefficient of OH -ions in a solution, (g) The mass transfer coefficient of OH -ions from the flowing solution to the particle cluster is described by Ranz-Marchall equation. The assumption (g) includes the change of the mass transfer coefficient with the shrinking of the particle clusters due to the dissolution reaction. The Ranz-Marchall equation is
where Sh is Sherwood number (=kf(2R t )/DB), Re is Reynolds number (=(2R t )uρ/μ), and Sc is Schmidt number (=μ/(ρDB)). In these dimensionless parameters, kf is the mass transfer coefficient, R t is the diameter of the particle cluster at time t, u is the fluid flow velocity between the particle clusters, μ and ρ are the viscosity and the density of the flowing solution, respectively. Figure 3 shows the SEM images of the surface of silica particle, which is called "particle cluster" in this model. Here, f is the fraction dissolved, the definition of which is given by Eq. (14) below. It can be seen that the particle cluster consisted of small particles. (Note the window indicated by square in Fig. 3 (a) .) As shown in Fig. 3(b) , with silica dissolution, the surface seems to further become porous, while leaving some frames. That is, the dissolution reaction increases the porosity, ε, which introduces OH -ions more easily into the inside of the particle cluster. Then, OH -ions can diffuse more easily into the inside of the particle cluster. Furthermore, as shown in Fig. 1 , some frames left in the surface holds the height of the packed bed at least until the state of "a" of the packed bed attains to the state of "c". This observed behavior became a base of both the assumptions (d) and (e) mentioned above. In the addition of these assumptions, this model tries to describe these dissolution processes, by assuming a rule, "If r=0, Rt shrinks, If r>0, Rt is kept", as indicated in Fig. 2 . 
where R is the radius of the particle cluster, CB is the concentration of OH -ions in the particle cluster, r is the radius of the particle, n0 is number per unit volume of particle cluster, and t is time. The first term in the left-hand side of Eq. (5) means the diffusion of OH ions in the particle cluster, and the second term means the OH ions consumption caused by the dissolution of the particles in the particle clusters. Here, the radius of the particle, r, is not uniform, as described by Eq. (11) below. Furthermore, when r=0, the second-term on the left-hand side of the Eq. (5) becomes 0. That is, the total number of the particles decreases in a particle cluster. Chida and Tadaki (1979) have proposed a similar model, assuming that ε is constant in Eq. (5). However, we cannot neglect the change of ε which is a key variable for describing the present problem.
The boundary conditions are
where CBb is the bulk concentration of OH -ions between the particle clusters. In the flow system, a 0.1 M NaOH solution was continuously injected into the column. CBb is assumed to be constant in this model.
The initial conditions are
where the subscript 0 means each initial value.
Since the porosity ε can be given by the following equation based on the assumptions (d) and (e),
we can obtain
Furthermore, the change of r (the radius of small particle) with time yields
where S is a stoichiometric coefficient described by (the stoichiometric coefficient of dissolution reaction)× (conversion factor between density and moles), and ρS is the density of solid phase. Now consider R t as follows:
That is, as the radius of the particle becomes zero in the most outer layer of the particle cluster, the particle cluster shrinks. Besides, since the dissolved fraction of the particle, fs, is described by 
the fraction dissolved of the whole bed packed with particle clusters, f, is
The first-term on the right hand side of Eq. (14) means the fraction dissolved of the particles in the range from R0 to R t in particle cluster radius. In this range, the particles do not exist, due to dissolution. The second-term indicates the dissolved fraction of particles in 0<R<R t (R: the radius from the center in particle cluster). Here, small particles still remain with r>0.
Next, describe the permeability of the packed bed. The porosity of the particle clusters, εL, yields the following relation:
where εL0 is the initial porosity between particle clusters, and nL0 is the number of particle clusters in unit volume. Therefore, εL is
Assuming that the permeability is not controlled by ε but just by εL, the Kozeny-Carman equation gives permeability normalized by the initial permeability in the packed bed:
where a is the specific surface area of the particle cluster.
The initial radius of the particle cluster, R0, is around 50 μm, and, as shown in Fig. 3 , each particle cluster consists of a number of particles of 10 nm in initial radius. The number of the particles per unit volume of the particle cluster, n0, is approximately 10 17 . Since the second-term of the left hand side of Eq. (5) remarkably exceeds the first term, the diffusion of OH -ions controls the dissolution processes, which in turn gives an induced time before changing the permeability, KBed.
In order to sort out the parameters of this model, this study used the dimensionless variables defined as follows: 
Using these variables, the fundamental Eqs. (5) and (11) are
and the boundary conditions (6) and (7) are
The initial conditions are 0, 1, 1, 1, 0, in 0 1.
Besides, the relations mentioned above are
and, 
where the change of dimensionless porosity with time, E, is described by Eqs. 
These five values can be calculated by using the data set in Table 1 , where the fluid flow velocity, u, was estimated from Darcy fluid flow velocity ud through u=ud/εL. Of these five parameters, (Re)T=0 and Sc are used in order to calculate (Sh')T=0 through the Ranz-Marchall equation (i.e., Eq. (4)). Therefore, the three parameters, Pv, t * and (Sh')T=0, control this model.
As for the dissolution rate constants as shown in Table 1 , this study has to mention the reason why there are two kinds of rate constants. Niibori et al. (2000) have applied the particle shrinking model to the dissolution batch experiment of amorphous silica particles in order to estimate the dissolution rate constant. As the results, they reported that there was an induced time in the range of 0<1-(1-f) 1/3 <0.1 (which means the range from 0 to 0.27 in fraction dissolved) before the shrinking model described the dissolution behavior. Then, they estimated 8.98×10
-10 m/s as dissolution rate constant after the induced time. Therefore, in 0<f<0.27, this study evaluated 4.49×10
-10 m/s by using the experimental data as an apparent rate constant in the induced time, while such a rate constant might be continuously changing around at 0.27 in f.
Besides, in Table 1 , the number of small particles per unit particle cluster volume, n0 (1/m 3 ), was calculated by 
where ε0 is the porosity in a particle cluster, and r0 is the initial radius of particle. This study used the finite volume method in order to numerically solve the mathematical model, setting 100 uniform meshes as control volumes. It was confirmed by prior calculations that the number of meshes was enough to obtain a unique numerical solution. Table 1 The data set of the parameters. Figure 4 shows the results of the normalized permeability in comparison of the mathematical model with the experimental data reported by Usui et al. (2004) . In the experiment, the packed bed was vertically set, and a 0.1 M NaOH solution continuously flowed downward from the top to the bottom. As for the fraction dissolved, f, there is an inflection point at 0.27 in f. This is due to the change of Pv containing the dissolution rate constant. The mathematical model can describe the experimental data both of permeability and fraction dissolved well. However, when the dimensionless time exceeded 2.5, the permeability data suddenly decreased. This is due to the shifts of the positions of the particle clusters in the packed bed. That is, the particle clusters, gradually shrinking, each other become shiftable in the column. This model cannot essentially describe such a behavior in permeability. Experomentally evaluated value (Niibori et al., 2000) . f means fraction dissolved. Fluid flow velocity in pores between particle clusters 8.25×10 -4 m/s to Experimental condition (Usui et al., 2004) ε 0 Initial porosity between the small silica particles in the particle cluster 0.30 Experomental measuement value ε L0 Initial porosity between the particle clusters in packed bed 0.40 Experimental measurement value (Usui et. al., 2004) Experomental measuement value (Niibori et al., 2000) Symbol Figure 5 shows the relations between permeability and f (fraction dissolved), where the experimental data of 0.33 mm/s in lateral flow and those of 1.35 mm/s in upward flow are added to those of downward flow in Fig. 4 . The fluid flow velocity has no appreciable effect on the relation between normalized permeability and f. While the mathematical model does not consider flow direction of the column, the calculated result agree well with the experimental data. Particularly, this model can predict the permeability changes until around 0.6 in fraction dissolved f. (These experimental data were quoted from Usui et al. (2004) .) Figure 6 shows the distribution of the radius of the particles (Z) and the concentration of NaOH (Y) inside the particle cluster. T=1.8 is the timing that the radius of the particles becomes zero at X=1.0 in radius of the particle cluster. After that, the permeability of the packed bed with the particle clusters increases. Besides, the NaOH concentration becomes 0.0 at X=0.7, while the concentration is 1.0 at X=1.0. Furthermore, with time, the position of Z=0 shifts toward the center (X=0) of the particle cluster. The position of Y=0 as well shifts toward the center. Fig. 6 Distributions of calculated radius of particles and the concentration of NaOH, in relation to radius in particle cluster. (T is time in dimensionless form). Figure 7 shows the calculated results of porosity and the radius of the particles (Z) in the particle cluster. This model describes that the porosity attains to 1.0 at X=1 and at T=1.8, and the particle cluster starts shrinking. Then, the location of ε=1.0 is gradually shifting toward the center of the particle cluster. This means the decrease of R t with time. Besides, this model explains that OH -ions diffuse until around one third of the initial size of the particle cluster when T=2.8 (t=155 mins). That is, both the dissolution of silica and the permeability-change of whole column are controlled mainly by the diffusion of OH -ions through the particle clusters. Fig. 7 Distributions of calculated porosity and radius of particles inside particle cluster.
Result and discussion
These approaches of this study may be applicable to describe the relation between the dissolution processes on the fracture surface and the permeability change of fracture. Because, the fracture surface included in rock matrix consists of various minerals whose dissolution rates also are not uniform on the surfaces, for example: (Usui et al., 2005) . In general, such a permeability (m 2 ) is approximately described by b 2 /12 in Darcy-type equation, where b is fracture aperture (m). The permeability of fracture is not always sensitive against the dissolution processes. That is, as shown in Fig. 8 , the proposed model in this study suggests that the characteristic aperture b does not change immediately, while the dissolution process undergoes in a time period. 
Conclusions
This study proposed a double porosity model to describe the dynamic behaviors of both the fraction dissolved and the permeability of the packed bed of silica particle cluster, by assuming two kinds of porosities between particle clusters and between the particles. In the column experiment using a 0.1 M NaOH solution, the permeability was maintained in a certain time period, while Si (mainly as H3SiO4 -ions) was continuously eluted out of the packed bed with silica particles. The proposed model was able to well explain such dynamic behaviors.
When we consider a high pH groundwater plume resulting from the alteration of cement materials for constructing the repository system of radioactive wastes, this model might be a practical tool to describe both permeability-change and dissolution process, particularly under a condition such that the mass transport of solute apparently controls the chemical reaction in a flow field. Number per unit volume of particle cluster (1/m 3 ) nL0
Nomenclature
Number of particle clusters in unit volume (1/m 3 ) R Radius of particle cluster (m) r Radius of small particle (m) S (stoichiometric coefficient of dissolution reaction) × (conversion factor between density and moles) (kg/mol) t Time (s) t Greek symbols ε Porosity between the small silica particles in the particle cluster (-) εL Porosity between the particle clusters in packed bed (-) 
